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Takotsubo syndrome (TTS) is an acute reversible form of myocardial dysfunction, often preceded by a physical or
emotional stressful event, that acts as a trigger. Despite, recent advances in the comprehension of the mecha-
nisms leading to TTS, its pathophysiology is far from being completely understood. However, several studies

seem to suggest that an acute coronary microvascular dysfunction may represent a crucial pathogenic mechanism

involved in TTS occurrence.

In this article, we aim to review the complex pathophysiology of TTS and the possible different mechanisms
underlying this clinical condition, focusing on the role of coronary microvascular dysfunction and the remaining

knowledge’s gaps in the field.

1. Introduction

Takotsubo syndrome (TTS) is a clinical condition characterized by a
reversible left ventricular (LV) dysfunction, often preceded by a physical
or emotional stressful event, that acts as a trigger [1]. TTS is charac-
terized by peculiar LV wall motion abnormalities extended beyond a
single epicardial coronary artery distribution and in absence of a
“culprit” lesion at cardiac catheterization (although it can coexist with
obstructive coronary artery disease), usually presenting with apical
hypokinesia/akinesia and basal hyperkinesia (“apical ballooning”)
[2-5]. Less frequently, wall motion abnormalities affect the mid-
ventricular or basal regions or focal segments [6]. Even though it has
been traditionally considered as a benign condition for its self-limiting
nature, recent data have clearly demonstrated that haemodynamic and
electrical instability during the acute phase of TTS may expose patients
to a relevant risk of mortality and acute life-threatening complications,
similar to patients with acute coronary syndromes (ACS) due to coro-
nary artery disease (CAD), and to a non-negligible risk of recurrence
[4,6-8]. Nevertheless, the pathophysiology of TTS is far from being
completely understood.

In this article, we aim to review the complex pathophysiology of TTS
and the possible different mechanisms underlying this clinical condition,
focusing on the role of coronary microvascular dysfunction and the
remaining knowledge’s gaps in the field.

2. Triggers and predisposing factors
2.1. The Cardio-neuro axis and the pathophysiological response to stress

Up to two-third of patients presenting with TTS report a recent
environmental event perceived as stressful (either physical or
emotional) [6]. Emotional triggers often include the death of a loved
one, natural disasters, financial troubles, and even sexual abuse. On the
other hand, physical stressors causing TTS may include a previous sur-
gery, central nervous system conditions, acute respiratory failure and
trauma [6]. The evidence of a stressful event preceding the outbreak of
TTS, the higher prevalence of neurological disorders (e.g. intracranial
bleeding, seizures and migraines) and pre-existing psychiatric disorders
in patients with TTS supports the notion of an outstanding link between
the brain stress response system and the heart in the pathogenesis of this
syndrome [6,9].

A pivotal study by Wittstein et al. documented for the first time
extremely high levels of plasma catecholamines (epinephrine, norepi-
nephrine and dopamine) and stress-related neuropeptides (e.g. the
neuropeptide Y) in patients with TTS compared to Killip class III ACS
patients, suggesting a direct causal link between plasma catecholamines
and TTS [10]. Further revisions of these findings and recalculation of the
plasma epinephrine levels in Wittstein’s study revealed only a modest
increase of plasma epinephrine, thus challenging the hypothesized
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central role of catecholamines in TTS pathogenesis [11]. Interestingly, a
more relevant increase in norepinephrine has been detected in the cor-
onary sinus compared to the aorta during the acute phase of TTS, which
suggests that local rather than circulating catecholamines levels may be
crucial for disease onset [12]. Of note, both cardiac catecholamine-
producing enzymes and sympathetic nervous fibers are predominantly
left-sided and present a differential distribution from base to apex,
which may account for the typical wall motion regional abnormalities in
TTS [13,14].

Recently, the use of advanced neuroimaging techniques convincingly
demonstrated the presence of anatomical and functional heart-brain
connections, which may play a key role in the pathogenesis of TTS.

The fundamental anatomic structures involved in the stress response
are the neocortex, limbic system, reticular formation, brainstem, and
spinal cord along with the hypothalamic-pituitary-adrenal axis which
finally leads to cortisol secretion. Substantial differences in the
neocortex and the limbic network have been documented in TTS pa-
tients using brain functional magnetic resonance imaging (fMRI).
Templin et al. described altered structural connectivity patterns and
reduced activation during resting state in both the parasympathetic
(right amygdala, hippocampus, middle and superior temporal gyrus, left
motor cortex, left supramarginal/angular gyrus, and the left cerebellum)
and the sympathetic subnetworks (left and right amygdala, cingulate
gyrus, left dorsolateral prefrontal cortex, left and right cerebellum, and
the left superior parietal lobule/supramarginal gyrus) of patients with a
prior TTS [15,16]. In addition, the authors documented a hypo-
connectivity in the brain regions holding the “default mode network™ (i.
e. hippocampus, prefrontal cortex, posterior cingulate cortex, left tem-
poral pole, bilateral posterior inferior parietal lobule, and the left and
right temporoparietal junction), a functional structure involved in
making certain self-relevant decisions [11]. Therefore, in the presence of
a stressful event, the impaired default mode network subsystems may
lead to a more pessimistic evaluation of the present and future self and to
a higher level of stress that may be responsible for the development of
the TTS.

However, as these findings by Templin et al. have been observed in
individuals with prior TTS, they raised the key question of whether such
changes were the cause or the result of TTS.

A more recent positron emission tomography/computed tomography
(PET/CT) study addressed this question by demonstrating that the
heightened activity of the amygdala and the stress related response
system precedes by years the development of the clinically manifested
TTS, and that patients with the highest activity of the amygdala develop
the syndrome earliest [17]. In addition, Suzuki et al. reported a higher
activity of the amygdala at PET in 4 patients during the acute phase of
TTS as compared with recovery phase [18]. Hence, heightened basal and
acute amygdala activation may predispose individuals to TTS by
potentiating the sympathetic, neurohormonal, and inflammatory con-
sequences of events perceived as stressful.

However, the presence of predisposing cortical alterations may only
partially explain the reason why TTS occurs only in a portion of in-
dividuals after a stressful event. Other clinical conditions resulting in an
increased central sympathetic drive (i.e. postmenopausal state, asthma/
chronic obstructive lung diseases, underlying myocardial diseases) have
been proposed as possible contributors in the pathogenesis of TTS. Of
interest, diabetes mellitus has been recently investigated as possible
pathogenetic contributor to TTS as it is known to induce neuro-
autonomic nerve remodeling and an upregulation of vasoactive neuro-
peptides (i.e. neuropeptide Y [NPY]) involved in the myocardial
autonomic modulation [19,20]. In particular, Stiermaier et al. evaluated
the prevalence and prognostic significance of type 2 diabetes mellitus
(T2DM) in TTS patients using the multicenter international German
Italian Stress cardiomyopathy (GEIST) registry, demonstrating that
T2DM was frequent, ranging up to 21% in the population cohort and
that patients affected had a higher all-cause mortality compared with
patients without T2DM (31.4% vs. 16.5%; p < 0.001) [19]. Further

Journal of Molecular and Cellular Cardiology 191 (2024) 1-6

studies have confirmed the relative high prevalence of this clinical
condition in individuals with TTS, supporting the possible causative role
of DM in its pathogenesis [20]. Since TTS has been identified in an
increasing number of hospitalized patients, an important clinical het-
erogeneity emerged among affected individuals. In particular, clinical
characteristics such as physical triggers along with acute neurologic or
psychiatric disease, high troponin levels, and lower LV ejection fraction
showed to identify a specific group of individuals with TTS at higher risk
of mortality and in-hospital complications [1]. Therefore, it has been
hypnotized that we have so far described two different subsets of TTS
patients, with different clinical features and risk profiles: a “primary
TTS”, which mainly affects postmenopausal females after an emotional
stressor with minor troponin release, slightly reduced and rapidly
reversed LV dysfunction and benign prognosis; a “secondary TTS”,
occurring after a physical stressor also in male patients, with major
troponin release, more severe or persistent LV dysfunction and associ-
ated with worse prognosis [21].

2.2. Hormone deficiency and dysregulation

Most patients with TTS are postmenopausal women [6]. Therefore,
oestrogen deficiency has been proposed as a possible pathogenetic
mechanism of SCMP. Oestrogens have several protective effects on the
cardiovascular system, that are principally attributed to the modifica-
tion of serum lipid concentration and coagulation pathways, and to the
protective effects on endothelial function [22]. These effects are medi-
ated by the presence of estrogenic receptors (ERx and ERf) in the blood
vessels and in the heart. Both ERaand Erp are also widely expressed in
the central nervous system, where oestrogens play crucial roles in
behaviour and autonomic nervous function modulations [23]. There-
fore, a reduction of estrogenic levels following menopause might in-
crease the susceptibility of women to stress, while oestrogens
supplementation might attenuate the exaggerated response to stress.
This hypothesis has been confirmed in an elegant experimental study by
Ueyema et al.,, demonstrating that in an animal model of TTS LV
dysfunction can be prevented by pretreatment with oestrogens admin-
istration [24]. Moreover, the administration of oestrogens has been
shown to reduce the activation of the sympathetic-adrenal glands axis,
leading to a lower production and spillover of catecholamines [24]. In
addition, because estrogenic receptors are also expressed in the cardiac
cells, oestrogens can directly act to reduce the heart reactivity to cate-
cholamines either by upregulating the cardiac levels of cardioprotective
substances (i.e. atrial natriuretic peptide and heat shock protein 70) and
by antagonizing the upregulation of the pl-adrenergic receptor often
observed in TTS [24,25].

Finally, under physiological circumstances, oestrogens proved to act
beneficially to the coronary microcirculation via endothelium-
dependent and -independent mechanisms, thus preserving the micro-
circulatory homeostasis and improving coronary blood flow [24,26-28].
Indeed, in animal models oestrogens administration was proved to
reverse the coronary constriction induced by acetylcholine infusion via
an endothelium-dependent action. On the other hand, the infusion of
oestradiol-17 showed to induce a direct coronary vasodilatation not
prevented by de-endothelialization, nor by nitric oxide synthase or
cyclo-oxygenase inhibition, thus suggesting an endothelial-independent
effect of the hormone [28].

These data suggest that oestrogens deficiency after menopause might
facilitate the occurrence of TTS, in particular TTS linked to an emotional
trigger, either by a direct action on the heart and on the coronary cir-
culation, and by the loss of a regulatory and protective function on the
nervous system.

2.3. Genetic predisposition and epigenetic factors

The suspect of a genetic predisposition to develop TTS has been
raised by the evidence of both personal susceptibility to TTS occurrence
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and relapse and of cases running in the same family [29-32]. However,
the studies conducted with a view to ascertain this hypothesis have
provided conflicting results. Considering that the most common char-
acteristic among TTS patients is an adrenergic hyperactivity, most
studies focused on the genes involved in the adrenergic response. Among
these, the genes encoding the B1 (ADRB1), B2 (ADRB2) and alpha 2c
(ADRA2C) adrenergic receptors have been largely investigated, because
of the different cardiac response to catecholamines according to their
variants. Sharkey et al. did not find any difference in their poly-
morphisms frequency between a cohort of 41 TTS patients and controls
[33]. On the other hand, another study evaluating the same poly-
morphisms reported a higher frequency of a specific ADRB2 poly-
morphism in TTS patients in comparison with healthy controls [34].
Spinelli et al. did not find associations of genetic polymorphisms in
ADRB1, ADRB2, GNAS, GRKS5 genes with TTS, with the only exception
of a variant of the GRK5 gene, confirmed by Novo et al. but not by
Figtree et al. [35-37]. Interestingly, Vriz et al. found different poly-
morphism distribution in ADBR1 and ADBR2 genes between TTS pa-
tients and controls, not evidenced when TTS and STEMI patients were
compared [38].

Small studies have also explored specific variants of genes encoding
for oestrogen receptors and oxidative stress mediators, but further evi-
dence coming from larger studies is needed to confirm these data
[39,40].

In reason of the inconclusive findings on polymorphisms, some
groups focused on genome-wide association study, Whole exome
sequencing (WES) and Next Generation Sequencing (NGS) technology.
These studies suggested the possible role of several genetic loci, thus
endorsing the hypothesis of a polygenic inheritance of TTS predisposi-
tion [41-43].

More recently, a growing body of evidence highlighted peculiar
epigenetic alterations in the TTS population. For instance, Khurana et al.
showed a cardioprotective activity of Suberanilo-hydroxamic acid
(SAHA), probably due to an epigenetic (acetylation/deacetylation) axis
[44].

In addition, Jaguszewski et al. found a different microRNAs (miRs)
expression between patients with TTS and acute myocardial infarction,
with miR16 and 26a more prevalent in TTS patients, as lately confirmed
in a preclinical study [45,46]. Interestingly, these miRs have also been
detected in circulation in stress, depression, and anxiety conditions, well
known TTS triggers [47,48].

2.4. Inflammation and metabolic remodeling

Several studies reported a pro-inflammatory milieu in TTS patients,
thus suggesting that inflammation could represent an adjunctive TTS
trigger. Subjects with TTS during follow-up have higher serum IL-6 and
IL-10 before the event and IL-6 levels are also related to LV dysfunction
and clinic presentation [49]. Conversely, IL-7 seems to increase 2-4 days
after admission [50,51].

Santoro et al. compared the circulating levels of several inflamma-
tory and anti-inflammatory molecules in TTS and ACS during the acute
and subacute phase and found that in the acute phase, several circu-
lating interleukin levels were higher in subjects with TTS (such as IL-2 2,
IL-4, IL-10, TNF-a, IFN-y, EGF) compared to ACS patients, while IL-6
levels were higher in patients with ACS [52]. In the subacute phase
IL-2 and EGF levels were still higher in patients with TTS compared to
ACS, while IL-6 serum levels were higher in ACS patients compared to
TTS. This study suggests that different inflammatory patterns can be
observed during the acute and subacute phase of TTS when compared to
ACS. In particular, increased levels of anti-inflammatory interleukins
can be found during the acute phase of TTC while ACS is featured by
higher levels of IL-6 during the acute and sub-acute phase.

The presence of an inflammatory pattern in TTS patients has also
been revealed in a cardiovascular magnetic resonance (CMR) study
[53]. In addition, the link between TTS and inflammation is further
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endorsed by the increased susceptibility observed in subjects with
autoimmune diseases [54].

Inflammation, together with sympathetic hyperactivity, is also
deemed responsible for the “metabolic remodeling” occurring in the
acute phase of TTS, characterized by impaired oxidative metabolism,
catabolic-anabolic imbalance and insulin resistance [55,56]. Some au-
thors suggested that the protraction of these cardiometabolic anomalies
may lead to myocardial fibrosis with consequent development of heart
failure with preserved EF in this population [56,57].

3. The key role of acute coronary microvascular dysfunction

The link between an acute coronary microvascular dysfunction
(CMD) and TTS has been profusely investigated over the last two de-
cades. However, whether CMD is the leading mechanism or an epiphe-
nomenon of TTS has been a matter of intense debate [58].

A study by Galiuto et al. was the first to show that microvascular
coronary spasm is the final common pathway leading to TTS [59]. They
enrolled TTS patients who underwent myocardial contrast echocardi-
ography at baseline, during adenosine infusion (140 microg/kg/min)
and at 1-month follow-up and were compared with a group of anterior
ST-elevation myocardial infarction (STEMI) patients with similar clin-
ical characteristics. At baseline, no difference in myocardial perfusion
and dysfunction were present between the two groups. During adeno-
sine challenge, while no changes were observed in STEMI group, in TTS
patients’ parameters of myocardial perfusion and wall motion abnor-
malities improved significantly compared with baseline while LVEF
significantly increased. At 1-month follow-up, myocardial perfusion and
dysfunction completely recovered in TTS patients, whereas no signifi-
cant changes were observed in STEMI group. Thus, this study showed
that CMD is not secondary to myocardial dysfunction as proposed by
others while it proves the opposite [58,60,61].

Recent enlightening evidence moved the needle towards the notion
that acute CMD is, indeed, the last common pathway leading to TTS.
Indeed, angiographic studies showed reduced TIMI (Thrombolysis In
Myocardial Infarction) frame count in the majority of TTS patients,
mainly encountered in the left anterior descendant (LAD) territory
[62,63]. More recently, an interesting observational prospective study
by Ekenback et al. assessed coronary microvascular function at coronary
angiography using the index of microcirculatory resistance, coronary
flow reserve and resistive reserve ratio in TTS and in patients affected by
ischemia with non-obstructed coronary arteries (INOCA) [64]. As a
result, CMD was proven to be more common in TTS and more severe in
the apical compared with the midventricular phenotype.

Dong et al. conducted an elegant preclinical study in a murine CMD
model in order to investigate the link between microvascular coronary
flow regulation and TTS onset and treatment [65]. Wild Type (WT),
Kvl.5 —/— and TgKv1l.5 —/— (Kv1.5 —/— with smooth muscle-specific
expression Kv1.5 channels) mice were studied following a hypertensive
stress through transaortic constriction (TAC). Vascular Kv1.5 channels
play a role in connecting blood flow to metabolism in the heart, and
deletion of Kv1.5 channels impairs coronary metabolic dilation. For this
reason, Kvl.5 —/— with TAC were used as TTS model and Kv1.5 —/—
without TAC as control group. Furthermore, measurements of left ven-
tricular (LV) function in base and apex, and myocardial blood flow
(MBF) were completed with standard and contrast echocardiography.
Finally, RNA deep sequencing was performed on LV apex and base from
WT and Kv1.5 —/— (control and after TAC). In this study, the authors
found that TAC induced TTS with systolic apical ballooning in Kv1.5
—/— mice, which was not observed in WT or TgKv1.5 —/—. In Kv1.5
—/— mice with TTS, MBF was lower in the LV apex compared to base. Of
interest, MBF increased with either chromonar or smooth muscle
expression of the Kv1.5 channel with normalized perfusion and function
between the LV apex and base. Moreover, some genetic changes during
TTS were reversed by chromonar suggesting that, at least in part,
changes in gene expression were independent of TAC.
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Fig. 1. A novel proposal for Takotsubo pathophysiology.
This figure depicts our novel proposal for Takotsubo (TTS) pathophysiology. Emotional and physical triggers act on a predisposing soil, including female sex, peculiar
genetic and epigenetic background. These factors promote cardio-neuro axis activation, hormonal dysregulation, exaggerated inflammatory response and metabolic
remodeling, all fostering acute microvascular dysfunction and, ultimately, TTS onset.

Table 1
Studies evaluating acute microvascular dysfunction in Takotsubo Syndrome.
Reference Study Methodology Results
population/
Protocol
Ekenback 27 female TTS ~ Coronary The incidence of CMD
et al. patients microvascular invasive was higher in the TTS
[54] assessment by means of  patients than in the
27 age and IMR, CFR and RRR INOCA cohort, with
gender- higher IMR, lower CFR,
matched and lower RRR
INOCA
patients
Galiuto 15 female TTS ~ Myocardial contrast - No difference in
etal. patients echocardiography at myocardial perfusion
[55] baseline and during and dysfunction was
15 age and adenosine infusion detected between the
gender- (140 pg/kg/min) two groups at
matched within 5 days since baseline. Adenosine
STEMI symptoms onset and infusion improved
patients after 1-month myocardial perfusion
and LV function only
in the TTS group
- At 1-month follow-up,
myocardial perfusion
and dysfunction
completely recovered
only in TTS patients.
Dong etal.  Murine TAC was used to induce - Mice who developed
[60] models a hypertensive stress. TTS following TAC
LV function alterations presented
- Wild Type were assessed with abnormalities in
- Kvl.5 —/— echocardiography and blood flow regulation
- TgKvl.5 changes in genetic between LV apex and
—/— expression between the base

base and the apex of the
LV were confirmed by
RT-PCR

Equalization of MBF

between the apex and

base through
pharmacological

coronary dilation with

chromonar or genetic

re-expression of Kvl.5

channels in smooth
muscle eliminated

regional differences in

ventricular function

Abbreviations: CMD: coronary microvascular dysfunction; CFR: coronary flow
reserve; IMR: index of microcirculatory; INOCA: ischemia with no obstructive
coronary artery; LV: left ventricle; MBF: myocardial blood flow; RRR: resistive
reserve ratio; RT-PCR: real time-polymerase chain reaction; STEMI: ST-elevation
myocardial infarction; TAC: transaortic constriction; TTS: Takotsubo syndrome.
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In conclusion this study suggests that abnormalities in flow regula-
tion between the LV apex and the base may cause TTS, and maintaining
equivalent MBF in the apex and base through pharmacological coronary
dilation with chromonar or genetic re-expression of Kv1.5 channels in
smooth muscle eliminates regional differences in ventricular function.

On the basis of these data, it is conceivable to conclude that TTS may
be deemed an acute coronary microvascular syndrome strengthening
the hypothesis of considering TTS as an ACS, clinical and laboratory
presentation of TTS resembles an acute coronary event due to obstruc-
tive CAD in many cases and differentiating these entities may be
sometimes difficult in clinical practice [66,67]. Recently, severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has been proven to
foster CMD through both an exaggerated systemic inflammatory
response and direct microvessels invasion, thus making SARS-CoV-2 a
novel potential trigger of conditions characterized by acute CMD,
including TTS [68,69].

4. Takotsubo pathophysiology overview

A schematic illustration of TTS pathophysiology in provided in
Fig. 1. Putting together the pieces, TTS is elicited by a trigger (e.g.
physically or emotionally stressful event, pheochromocytoma, acute
brain disorders, drugs) acting on a pre-existing vulnerable soil
(including oestrogen deficiency, limbic system alterations, genetic and
epigenetic factors, inflammatory conditions) and causing sympathetic
hyperactivity [70]. As a consequence, acute coronary microvascular
spasm occurs and leads to myocardial dysfunction. There is evidence of a
concomitant direct catecholaminergic myocardial damage, which
however is unlikely to be relevant considering the typical absence of late
gadolinium enhancement at CMR in this population [14,71]. Accord-
ingly, the early cardiac function restoration in over 80% of cases is
indeed explained by the fact that microvascular spasm activates the
same survival pathways as hibernation, thus preventing cardiomyocytes
from necrosis and consequent myocardial scarring [4,65].

5. Gaps in knowledge and future perspectives

Accumulating evidence suggests that an acute microvascular
dysfunction plays a key role in the pathogenesis of TTS (Table 1). A
possible challenge to the notion that TTS is an ACS due to an acute CMD
could be that, in consideration of the high prevalence of CMD (with
estimates ranging from 40% in non-obstructive coronary artery disease
[NOCAD] and up to 75% in patients with HFpEF), a higher incidence of
TTS would be expected, while TTS accounts for only the 2% of all ACS
[72,73]. However, it is important to underline that CMD and TTS should



F. Crea et al.

be deemed different parts of the same continuum, with TTS representing
an abrupt manifestation of CMD, essentially an acute microcirculatory
syndrome, in the presence of predisposing factors.

However, in some studies CMD was not detected in all patients [58].
A probable explanation for this finding may be that microvascular
impairment is typically transient in this syndrome and might have had
already resolved in some patients at the moment of the evaluation. For
this reason, the timing of CMD assessment TTS patients is crucial in
order to get reliable results and should be standardized in future studies.

The main impact of this reappraisal of TTS pathogenesis may have
important therapeutic consequences. Indeed, the development of tar-
geted therapies aimed to reverse coronary microvascular spam may
reduce the incidence of in-hospital complications and long-term conse-
quences. At present, there are only few proof-of-concept studies inves-
tigating the use of microvascular vasodilators, such as adenosine and
chromonar [59,65]. Large randomized clinical trials are warranted to
confirm the benefit of these drugs in TTS patients.
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